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Summary: We questioned whether glucocorticoids alter the known potent effect of serum to
increase glucose transport and GLUT-1 expression in cultured L6 myotubes. Myotubes were
exposed to serum-free medium for 24h in the presence or absence of 300 nM dexamethasone and
subsequently treated for 8h with 10% serum or serum free medium in the continued presence or
absence of the glucocorticoid. Dexamethasone did not effect the serum-induced increase in
GLUT-1 mRNA. However, dexamethasone increased GLUT-1 mRNA 2-3 fold versus the
absence of dexamethasone after serum withdrawal. Dexamethasone also resulted in higher
GLUT-1 protein levels and ameliorated the loss of glucose transport activity seen after serum
Withdrawal. € 1335 Academic Press, Inc.

Several reports provide evidence that the expression of the GLUT-1 facilitative glucose
transporter gene is increased under a variety of stress conditions both in cultured celils (1-4) and
in vivo (5-8). Since increased circulating glucocorticoids represent an integral part of the normal
physiologic response to stress, it might be hypothesized that glucocorticoids act, at least in some
cell types, to upregulate the expression of this glucose transporter isoform. On the other hand,
glucocorticoids are well known to increase glycemia and cause in insulin resistance in vivo. In
fact, in primary cultured adipocytes, glucocorticoids were shown to decrease glucose transporter
number (9,10) and specifically GLUT-1 mRNA and protein (11), possibly through inhibition of
transcription (11).

To further study the cellular effects of glucocorticoids, we examined the effects of
dexamethasone on glucose transport and transporter gene expression in L6 muscle cells after
spontaneous differentiation to myotubes which express both GLUT-1 and GLUT-4. We
reasoned that if glucocorticoids impair GLUT-1 transcription, then dexamethasone might inhibit
the known potent effect of serum to increase GLUT-1 levels in these cells (12).

MATERIALS AND METHODS

Materials: L6 myoblasts were kindly supplied by Dr. Amira Klip at the University of Toronto.
Plasmids prGT-1, which contains a full length insert encoding the rat GLUT-1 protein (13), and
pSM1-1-1, which contains a full length insert encoding the rat GLUT-4 protein (14) were gifts
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from Dr. Morris Birnbaum at Harvard Medical School. Rabbit polyclonal antibody directed
against carboxy-terminal sequences of rat GLUT-1 (RaGluTrans) was obtained from East-Acres
Biologicals, Southbridge, Ma. Dexamethasone sodium phosphate was obtained from Elkins-
Sinn, Inc., Cherry Hill, N.J. o-minimal essential medium (0-MEM) was obtained from
GibcoBRL, Gaithersburg, Md. Fetal bovine serum was obtained from HyClone, Inc., Logan, Ut.
Other reagents were obtained commercially from standard sources.

Cell culture:  Cells were grown in &-MEM supplemented with 10 mg/mi penicillin, 10 mg/ml
streptomycin, and 25 mg/ml amphotericin B at 37°C under 5% COj. Cells were allowed to
reach confluency and differentiate in 2% fetal bovine serum following which serum
concentrations were changed as indicated.

Glucose transporter mRNA levels: RNA was extracted and GLUT-1 and GLUT-4 mRNA levels
were measured as we previously described (15). Cells were homogenized in ice cold guanidine
isothiocyanate buffer and mRNA prepared by centrifugation through CsCly. Specific mRNA
levels were determined by Northern Blot analysis using [32P) labeled full length rat GLUT-1,
GLUT-4, and GAPDH cDNA probes. Sequential hybridizations to the above probes were
carried out after erasing blots by washing in water at 950C. mRNA levels were quantitated by
laser densitometry and the results normalized to total RNA and GAPDH mRNA as a
housekeeping marker. Each sample represented RNA from cells grown in one T-75 flask.

Immunoblot analysis: Cells were washed in phosphate buffered saline, scraped in 1 m! cold
RIPA buffer (50 mM Tris, pH 7.4., 150 mM NaCl, 1% Triton X-100, 1% Sodium deoxycholate,
and 0.1% SDS) and sonicated for 7 seconds. Sonicates were agitated at 4°C for 30 min, and
spun at 50,000 x g for 30 min. The supernate containing solubilized membrane protein was
frozen at -70°C until used. Protein was determined by the Lowry technique. Western Blot
analysis was carried out as we previously described (15). 50 ug samples of solubilized protein
extracts were separated on 10% polyacrylamide, transferred to nitrocellulose, and incubated with
antibody against GLUT-1 at a dilution of 1:1500 for 8h, washed, and incubated with 0.16 mCi/ml
of [12 Ilprotein A for 2h. All incubations were performed at room temperature. The
nitrocellulose filters were stained with amido black to ascertain even protein loading. Each lane
or each "n" represented protein from one T-75 flask.

Glucose transport activity: D-glucose transport was measured as cytochalasin B inhibitable
[3H]2-deoxyglucose uptake. Cytochalasin B specifically inhibits facilitative glucose carriers so
the difference between uptake in the presence or absence of this agent reflects facilitated
transport (16). Cells were grown and uptake determined in 6 well plates so that each individual
measurement represented the difference between the means of triplicate determinations in the
presence (3 wells) and absence (3 wells of the same plate) of cytochalasin B. Since separate
wells were required (plus or minus cytochalasin B), our uptake experiments included [14C]L-
glucose to correct for trapping of D-glucose tracer in individual wells. Transport was measured
over 5 minutes (uptake was found to be linear with time for at least 10 minutes) under conditions
wherein transport, not phosphorylation is rate limiting for uptake of this monosacharide (17).

Statistics: Data were analyzed by unpaired t-test corrected for the number of comparisons by the
Bonferroni method.

RESULTS

L6 myoblasts were grown to confluency in 2% serum. Consistent with prior reports (18),
by three days post-confluency myotubes began to form and by 7 days the cell mass was noted to
consist almost completely of differentiated myotubes which expressed both GLUT-1 and GLUT-
4 mRNA.

We subjected 7 day post-confluent L6 myotubes to 24h withdrawal from 2% serum in the
presence or absence of dexamethasone, 300 nM (the concentration reported in adipocyte studies),
followed by 8h exposure to 10% serum or serum-free medium in the continued presence or
absence of the glucocorticoid. GLUT-1, GLUT-4, and GAPDH mRNA levels were then
assessed by Northern Blot analysis (figure 1). As expected, 10% serum markedly increased
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Figure 1. Effect of serum and 300 nM dexamethasone (dex) on glucose transporter mRNA levels
measured by Northern Blot analysis. L6 cells were grown in 2% serum until 7 days post-
confluency and myotube formation at which time cells were placed in serum-free medium (time
0). Dex was present (+) or absent (-) from time O to 32h. Cells were esposed to 10% serum (+)
or serum-free medium (-) from time 24h to 32h. Cells were harvested at 32h, total RNA
prepared, and specific mRNA levels determined. Equal loading was confirmed by the
appearance of the ethidium bromide (EtBr) stained gel. Blots were hybridized to GLUT-1
¢DNA, erased and sequentially hybridized to GLUT-4 and GAPDH cDNAs. A representative
experiment is shown along with the quantitative results of this and other experiments. Values
represent mean + SEM, n=6, *p < 0.05 versus the absence of dex and serum.

GLUT-1 mRNA levels versus serum-free medium. However, we were surprised that
dexamethasone, if anything, enhanced this effect. Further, after serum withdrawal, 32h of
dexamethasone alone resulted in increased GLUT-1 mRNA levels compared to the absence of
dexamethasone. These effects were the same whether the GLUT-1 data were normalized to total
mRNA or to GAPDH used as a “"housekeeper" message (figure 1). In contrast to the effects of
serum and dexamethasone on GLUT-1 mRNA levels, GLUT-4 levels did not change upon serum
exposure and were not affected by dexamethasone. The effect of 10% serum to increase GLUT-
1 mRNA post-24h of serum withdrawal was noted in an additional experiment to occur within 1h
(335% + 37, n=3 of pre-serum levels of 100 £ 32, n=4). This suggests that this effect is likely
mediated, at least in part, through increased transcription.

In further experiments, we examined the effect of 24h of serum withdrawal in the
presence or absence of 300 nM dexamethasone on GLUT-1 protein levels in L6 myotubes.
Immunoblot studies (figure 2), revealed that GLUT-1 protein levels were approximately 2-fold
greater in the presence versus absence of 300 nM dexamethasone. Quantitative levels of GLUT-
1 in arbitrary units normalized to rat brain membrane protein included on each blot were (mean +
SEM, n=4) 198 + 37 for dexamethasone-treated cells compared to 100 £ 8 for cells unexposed to
dexamethasone (n=4, p < 0.05).

To determine whether these changes in GLUT-1 protein were associated with altered
glucose transport activity, we measured 2-deoxyglucose uptake by L6 myotubes subject to 24h
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Figure 2. Effect of dexamethasone (dex) on GLUT-1 protein levels in L6 myotubes after serum
withdrawal. Cells were grown to 7 days post-confluency in 2% serum and exposed to serum-free
medium for 24h in the presence (+) or absence (-) of 300 oM dex. S50 ug solubilized protein
extracts were run in each lane. Data are from 2 separate sets of dex-treated or untreated cells and
are representative of 2 more sets. Quantitative data are given in the text. Broad bands due to
glycosylation are typical for GLUT-1.

Figure 3. Glucose transport activity measured as cytochalasin B inhibitable [3H]2—deoxyglucose
uptake 1n cells grown to 7 days post-confluency in 2% serum before serum withdrawal (time 0)
or after 24h of continued maintenance in 2% serum (2% S) or treatment with serum-free medium
with (SF + Dex) or without (SF - Dex) 300 nM dexamethasone. Values represent mean + SEM,
n=4, *p < 0.05 versus SF + Dex.

serum withdrawal in the presence or absence of dexamethasone (figure 3). Dexamethasone
treatment did not completely prevent the loss of 2-deoxyglucose uptake after serum withdrawal,
but did increase 2-deoxyglucose uptake by 51% relative to the absence of the glucocorticoid.
Although this change was significant, a separate experiment was performed comparing only
cells exposed to serum deprivation for 24h in the presence or absence of dexamethasone. 2-
deoxyglucose uptake in dexamethasone-treated cells was increased by 52% compared to
untreated cells (n= 8 for each group, p < 0.01) confirming the results in in figure 3.

DISCUSSION

Dexamethasone treatment (relative to the absence of glucocorticoid) of L6 myotubes
subjected to serum withdrawal resulted in higher levels of GLUT-1 mRNA and protein and
increased glucose transport activity.  Klip et. al. (19) previously reported loss of glucose
transport activity in L6 myotubes following serum deprivation and observed that this effect was
reduced by cyclohexamide suggesting a dependence on protein synthesis. QOur current data
indicate that dexamethasone also ameliorates this loss of transport activity and suggest that the
mechanism at least in part involves preservation of GLUT-1 expression. Hence, our data taken
together with the findings of Klip, et. al. raise the possibility that dexamethasone may act by
preventing the production of a protein inhibitor of GLUT-1 biosynthesis.

Our data do not show an inhibitory effect of glucocorticoids on GLUT-1 mRNA and
protein levels in L6 muscle cells as has been seen in primary adipocytes (11). This effect in
adipocytes was postulated to result from impaired transcription, since adipocyte GLUT-1 mRNA
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stability was not affected by dexamethasone as determined by blocking new transcription with
actinomysin D. Hypothetically, impaired GLUT-1 transcription might occur through one or more
glucocorticoid response elements in the rat GLUT-1 promoter, one of which is located
immediately at the transcription initiation site (12). If the rapidity and magnitude of the effect
of serum to increase GLUT-1 in L6 muscle cells, is taken as evidence that this effect is mediated
through increased transcription, then our data suggest that glucocorticoids do not inhibit GLUT-1

transcription in these cells.

If serum deprivation is viewed as a form of cell stress, then our findings are consistent
with a proposed role for GLUT-1 as a stress responsive protein (4) in this case upregulated by
glucocorticoid exposure. GLUT-1 upregulation has been reported under a variety of stress
conditions both in cultured cells and in vivo. These conditions include low O tension (1,2),
inhibitors of oxidative phosphorylation (2) and inhibitors of glycosylation (3) in 1.6 cells as well
as disruption of intracellular calcium stores or protein glycosylation (4) in L8 myocytes and NTH
3T3 adipocytes (wherein evidence was presented suggesting that the increase in GLUT-1 may be
associated with increased expression of other stress responsive proteins). /n vivo studies
demonstrated that starvation increased GLUT-1 levels in skeletal muscle (5) and liver (6) and
hypoxia increased cardiac GLUT-1 levels (7) and brain microvessel GLUT-1 density (8). Both
starvation and hypoxia represent conditions wherein an increase in circulating glucocorticoids

would be expected.

We could not demonstrate an effect of dexamethasone on GLUT-4 mRNA levels in L6
myotubes. This result is compatible with in vivo data of Haber et. al. (20) showing no effect of
dexamethasone treatment on rat soleus and extensor digitorum longus muscle GLUT-4
expression. GLUT-4 regulation can not be studied in primary adipocytes since these cells rapidly
lose the expression of this transporter isoform once removed from the in vivo environment (21).

In summary, our data indicate that dexamethasone does not inhibit the serum-induced
increase in GLUT-1 expression in L6 myotubes. Dexamethasone does increase GLUT-1 mRNA
and protein expression and ameliorates the loss of glucose transport activity seen in L6 myotubes

after serum withdrawal.
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